The charge transfer integral, site energy and the stacking angle fluctuations are used to study the hole and electron transport in recently synthesized dialkyl substituted thienothiophene caped benzobisthiazole (BDHTT-BBT) and methyl-substituted dicyanovinyl-capped quinquethiophene (DCV5T-Me) molecules. The charge transfer parameters, such as coherent and incoherent rate coefficients, hopping conductivity, mobility, disorder drift time, drift force, potential equilibrium rate and density flux rate are calculated and discussed. It has been observed that the charge decay up to the crossover point (or disorder drift time) is exponential, nondispersive and charge transport follows the band-like transport. Beyond the disorder drift time, the charge decay is not fully exponential, dispersive and it follows the incoherent hopping transport. The proposed expressions for density flux and diffusion shows their dependency on dynamic disorder and is in agreement with the Troisi's model on diffusion limited by thermal disorder. The density flux rate is directly related with the drift force which facilitates the charge transfer. Calculated electron hopping conductivity in the BDHTT-BBT and DCV5T-Me is 0.8 and 0.18 S/cm, respectively. Molecule BDHTT-BBT has good electron mobility of 0.36 cm 2 /V s, which has larger electron density flux rate and drift force of 1.7 x10 20 C/m 3 s and 1.44x10 -12 N.
Introduction
Over the last few decades the organic electronics is an emerging field in science and technology due to its application in organic semiconducting devices, such as field-effect transistors, [1] [2] [3] light-emitting diodes, 4 ,5 solar cells 6, 7 and in nanoscale molecular electronics. 8 The organic materials have soft condensed phase property and easily tunable electronic property through the structural modification and suitable functional group substitution. [9] [10] [11] [12] [13] In addition, they are environmentally friendly, mechanically flexible, having self-assembling character and the production cost is relatively low. 8, 14, 15 The weak intermolecular interaction, low dielectric permittivity and structural disorder in the organic materials increases the electron-phonon coupling which is responsible for localized electronic states. 8, [16] [17] [18] [19] Therefore, the thermally activated polaron hopping mechanism is used to describe the charge transfer (CT) process in the organic molecules 18, 20, 21 and the Marcus theory of charge transfer is used to study CT along the sequential localized sites. 14, [22] [23] [24] Berlin et al. 25 studied the effect of static and dynamic fluctuations on charge transfer kinetics in the donor-bridge-acceptor systems and concluded that the dynamic fluctuation facilitates the non-dispersive band-like charge transport due to increase in selfaveraging charge transfer integral. Böhlin et al. 26 found that the localized charge carrier on the dynamically disordered system does not significantly influenced by electron-phonon coupling.
Troisi's charge transport models 19, 20, 23, [27] [28] [29] for disordered systems show that the dynamical property of electronic and nuclear degrees of freedom leads to the intermediate charge transfer 3 mechanism between localized hopping and delocalized band transport, and is termed as diffusion limited by dynamic disorder.
In our previous studies, 30, 31 we found that the dynamic disorder facilitates the density flux along the sequential localized sites and is responsible for hopping conductivity. Kocherzhenko et al. 32, 33 concluded that the charge carrier dynamics in the short range molecular order follows the coherent band model and in the long range the charge carrier follows incoherent hopping mechanism. Many experimental studies also evidentially support that the charge transport in the dynamically disordered system does not follow fully hopping or band-like. 32 That is, the charge transport in organic molecules follows the partially coherent band-like and partially incoherent hopping mechanism. The vibrational spectroscopic studies also shows that the band-like transport is possible in highly ordered organic crystals, like pentacene. 19 Here, the dynamic disorder by nuclear and electronic degrees of freedom dissipates the thermal energy and controls the charge diffusion process which makes transition from hopping to band-like transport.
Therefore, this intermediate CT mechanism and the effect of nuclear and electronic degrees of freedom on CT is to be studied further to understand the CT in organic molecules. In the present study, we have proposed a CT model for localized hopping and delocalized band-like transport.
In the present study, we have studied the dynamic disorder effect on charge transport properties of recently synthesized dialkyl substituted thienothiophene caped benzobisthiazole (BDHTT-BBT) and methyl-substituted dicyanovinyl-capped quinquethiophene (DCV5T-Me) molecules. 34, 35 The BDHTT-BBT molecule has electron deficient benzobisthiazole core attached with dialkyl substituted thienothiophene at the end positions. The presence of benzobisthiazole core provides the planarity, rigidity and strong π-π interaction. The experimental study 34 shows that in the crystal structure the molecules are packed as slipped parallel structure and the π-, , ,
where, i  and j  are the energy of a charge when it is localized at i th and j th molecules, respectively. The site energy, charge transfer integral and spatial overlap integral were computed using the fragment molecular orbital (FMO) approach as implemented in the Amsterdam Density Functional (ADF) theory program. [38] [39] [40] In ADF calculation, we have used the Becke-Perdew (BP) 41, 42 exchange correlation functional with triple-ζ plus double polarization (TZ2P) basis set. 43 In this procedure, the charge transfer integral and site energy corresponding to hole and electron transport are calculated directly from the Kohn-Sham Hamiltonian. 8, 38 In Equation (2), the Franck-Condon (FC) factor, FCT  measures the weightage of density of states (DOS) 22, 23, 25 and is calculated from the reorganization energy (λ) and the site energy difference between final and initial states,
The reorganization energy measures the change in energy of the molecule due to the presence of excess charge and changes in the surrounding medium. The reorganization energy due to the presence of excess hole (positive charge, λ+) and electron (negative charge, λ-) is calculated as, 8, 44, 45 
The dynamic fluctuation effect on CT kinetics is characterized by using the rate coefficient, ) (t k which is defined as 25, 30, 51 
where, P(t) is the survival probability of charge at particular site. Based on this analysis, the type of fluctuation (slow or fast) and corresponding non-Condon (NC) effect (kinetic or static) on CT kinetics is studied. The time dependency character of rate coefficient is analyzed by using the power law 25, 30, 51 , ) (
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The timely varying rate coefficient k(t) is calculated by using Equation (8) , and the rate coefficient, k is calculated from the survival probability curve. The dispersive parameter, a is calculated by fitting the plotted curve of rate coefficient versus time on the Equation (9) (see Figure 4 ). As described in our previous studies 30, 31, 51 the dynamic disorder effect is studied by using survival probability through the entropy relation.
The previous studies 25 , 51, 52 show that the dynamic disorder kinetically drifts the charge carrier along the charge transfer path. The variation of disorder drift (S(t)/kB) during charge transfer is numerically calculated by using the Equation (10) . The disorder drift time, St is the time at which the disorder drift is maximum and is calculated from the graph (see Figure 5 ). The timely varying disorder drift curve will provide the information about charge diffusion process and its dependency on dynamic disorder.
The dynamic disorder dependent density flux equation is written as
where, 0 S  is the density flux in the absence of dynamic disorder.
The hopping conductivity is calculated on the basis of density flux model and is described as, 
9 where, ε is electric permittivity of the medium and t P   is the rate of transition probability (or charge transfer rate). In agreement with the previous Hall-effect measurement studies by Podzorov et al., 19, 54 Equation (12) shows that the hopping conductivity depends only on the electric component of the medium, not depends on magnetic component (see Reference 30) .
To get further insight on charge carrier dynamics in the dynamically disordered system, we have formulated the expressions for density flux rate, time dependent momentum distribution factor, time dependent potential difference and dynamic disorder dependent diffusion coefficient (see . The above parameters will provide the information about charge distribution speed along the CT path, potential equilibrium rate due to drift force and charge diffusion limiting behavior by the thermal disorder.
The earlier studies 31, 32 show that the dynamic disorder perturbs the localized charge carrier which is responsible for density flux. Here, the rate of change of density flux along the CT path is described on the basis of perturbed charge carrier density,  and the drift force, FD as (see Equations S1-S3),
where, e is the electronic charge, the drift force, D F is responsible for charge carrier diffusion by the dynamic disorder and is equal to the rate of change of charge carrier momentum.
As described in previous studies, 30, 31, 51 the dynamic disorder is drifting the charge carrier from one localized site to the next site and is analyzed by the disorder drift time (St). In the 10 present study, the variation of momentum distribution of the charge carrier along the CT path with respect to time is calculated by using the following equation (see Equations S3-S12),
where, Pmom,0 is the momentum distribution in the absence of dynamic disorder, and P(t) is the survival probability of the charge carrier. The above Equation (14) provides the information on changes of the charge distribution speed (see Figure 7) , during the KMC simulation.
In the present study, charge transfer process is the thermal diffusion because no external electric field is applied for CT. The presence of excess charge at one end of π-stacked molecular chain introduces the potential difference, Vd. During the CT, the charge diffusion will occur up to the point where the potential equilibrium is reached, that is, Vd = 0. The change in potential with respect to time is defined in terms of survival probability, P(t) as (see Equations S13-S19),
where, T k B is the thermal energy which is responsible for thermal diffusion. The above Equation (15) gives the information about the potential equilibrium speed of the studied π-stacked molecule, by thermal energy (see Figure 7 ).
The time evolution of potential difference is calculated from the solution of Poisson equation and is expressed as (see Equation S20-S24),
where,  is the contributed π-electron density for charge transport. From the mean squared displacement and time dependent potential distribution curves (see Figures 4 and 7) , diffusion coefficient and potential equilibrium rate are calculated, which are used in Equation (16) to find the charge density ) ( . The calculated charge density is used to calculate the momentum of the charge carrier through Equation S1, which is used in Equation (14) to compute the momentum distribution with respect to time (see Figure 7 ). From this momentum distribution curve, the rate of momentum distribution (drift force, FD) is calculated. Here, the calculated drift force (FD) and perturbed charge density ) ( are used in Equation (13) to study the density flux rate for hole and electron transport in the studied molecules.
The previous studies [30] [31] [32] show that the dynamic disorder makes the interaction with localized energy states, like as perturbation, which is responsible for density flux and existence of degeneracy levels. Here, the charge diffusion is controlled by the dynamic disorder. In this paper, the dynamic disorder dependent diffusion coefficient, S D is expressed as (see Equations
where, 0 S D is the diffusion coefficient in the absence of dynamic disorder. The Equation (17) is in agreement with the Troisi's model on diffusion limited by dynamic disorder. 19, 20, 27, 29, 52 To get the quantitative insight on charge transport in the presence of dynamic disorder, the information about stacking angle and its fluctuation around the equilibrium is required. As reported in previous study, 30 ,51 the equilibrium stacking angle and its fluctuation were calculated 12 by using molecular dynamics (MD) simulation. The molecular dynamics simulation was performed for stacked dimers with fixed intermolecular distance of 3.52 Å for molecule BDHTT-BBT and 3.28 Å for molecule DCV5T-Me using NVT ensemble at temperature 298.15 K and pressure 10 -5 Pa, using TINKER 4.2 molecular modeling package 55, 56 with the standard molecular mechanics force field, MM3. 57, 58 The simulations were performed up to 10 ns with time step of 1fs, and the atomic coordinates in trajectories were saved in the interval of 0.1 ps. The energy and occurrence of particular conformation were analyzed in all the saved 100000 frames to find the stacking angle and its fluctuation around the equilibrium value.
30,51
Results and Discussion
The geometry of the molecules BDHTT-BBT and DCV5T-Me is optimized using DFT method at B3LYP/6-31G(d,p) level of theory and is shown in Figure.  orbital and are delocalized on the entire core of the studied molecules and there is no density on the alkyl side chains of BDHTT-BBT. That is, in the π-stacked molecules, the overlap of core region of nearby molecules will favor both hole and electron transport along the columnar axis, and these molecules may have ambipolar character.
Effective Charge Transfer Integral
The previous studies 38, 39, 51 show that the effective charge transfer integral, Jeff strongly depends on π-stacking distance and π-stacking angle. The experimental result shows that the π-stacking distance is 3.52 Å for molecule BDHTT-BBT and 3.28 Å for molecule DCV5T-Me. 13 The Jeff for hole and electron transport in the BDHTT-BBT and DCV5T-Me dimer is calculated by using Equation (3). The variation of eff J with respect to stacking angle is shown in Figure 2 .
The MD results show that the equilibrium stacking angle for molecules BDHTT-BBT and DCV5T-Me is 16º and 28º, respectively, and the stacking angle fluctuation is up to 10 to 15º from the equilibrium stacking angle value (see Figure. S4 ). Around the equilibrium stacking angle, the Jeff value is 0.02 eV for hole transport and is 0.07 eV for electron transport in the BDHTT-BBT and for DCV5T-Me molecule, Jeff is 0.03 eV and 0.05 eV for hole and electron transport, respectively. The change in Jeff due to the stacking angle fluctuation is included while calculating the CT kinetic parameters through kinetic Monte-Carlo simulation, and is used to study the dynamic fluctuation effect on charge transport mechanism.
Site Energy Difference
Site energy difference is one of the key parameters that determines the rate of CT and is equal to the difference in site energy (
) of nearby π-stacked molecules. The site energy difference arises due to the conformational disorder, electrostatic interactions and polarization effects. The previous studies 30, 59, 60 show that the site energy difference 
Reorganization Energy
The change in energy of the molecule due to structural reorganization by the presence of excess charge will act as a barrier for charge transport. The geometry of neutral, anionic and cationic states of the studied molecules were optimized at B3LYP/6-31G(d,p) level of theory and the reorganization energy is calculated by using Equation (5). 
Charge Carrier Dynamics
The calculated charge transport key parameters such as effective charge transfer integral, 7) the charge carrier mobility is calculated from the D. The calculated survival probability and disorder drift are shown in Figure 5 . As described in previous studies, 30, 31, 51 the disorder drift time, St is calculated from the disorder drift curve (see Figure 5 and S5). In our previous study 30, 31 we have concluded that the disorder drift time (St) is acting as the crossover point (COP) between adiabatic band and non-adiabatic hopping transport.
In this work, both the band-like and hopping charge transport mechanisms are studied through survival probability and disorder drift curve. Numerically computed rate,
MC simulation is used to analyze the time dependency character of rate coefficient by using equation (8) and (9) . From the survival probability curve, the calculated rate coefficient up to the disorder drift time (St) is 1 k and beyond that point is 2 k . These rate coefficients ( 1 k and 2 k ) are used in Equation (9) Table 1, for hole and electron transport in the molecules BDHTT-BBT and DCV5T-Me. It has been observed that the charge decay up to the COP (or disorder drift time) is exponential, non-dispersive and hence charge transport follows the band-like transport. Beyond COP, the charge decay is not exactly exponential, partially dispersive and the charge transport turns from band to incoherent hopping 16 transport. 20, 32 It has been found that the charge transfer rate coefficient up to the COP ) ( 1 k is time independent, beyond the COP the rate coefficient ) ( 2 k is time dependent which is analyzed through dispersive parameter calculated by using Equations (8) Figure 6 and Table 1 ), respectively. In this case, the dispersive parameter 1 a is nearly 1 which indicates that the rate coefficient 1 k is non-dispersive, time independent, but, in the latter case the rate coefficient 2 k is dispersive and time dependent. The average rate coefficient, k is used in Equation (12) That is, the charge diffusion will occur until the potential equilibrium is reached. After this equilibrium point, the potential energy difference between the adjacent molecular units is zero, at which the CT will not take place. The calculated potential equilibrium
V is used in Equation (16) to calculate the π-electron density. As given in Equation (13), the density flux rate is calculated by using drift force ) ( D F and density ) ( . The density flux rate expression gives the knowledge about the contributed charge density, due to perturbed effect of dynamic disorder, for CT mechanism within hopping time which is related to current density gradient. The potential equilibrium rate gives the information on how the ion injected molecules quickly reaches the potential equilibrium within hopping time, which is associated with the ionic diffusion property of the molecules. The potential equilibrium rate is calculated from the time evolutions of potential distribution curve (see Figure 7 ) and is used in Equation (16) to study the perturbed localized charge density. As observed from Table 1 ). The above results clearly show that the dynamic disorder is responsible for density flux along the charge transfer path which turns from hopping to band-like charge transport mechanism and is in agreement with the previous studies. 19, 20, 25, 30 The calculated density flux and diffusion coefficient are shown in Figures (8) and (9), respectively, for electron transport in the BDHTT-BBT molecule. As shown in Figures (8) and (9), and also S9 and S10, the charge density and diffusion coefficient are decreasing up to the disorder drift time, St (COP), beyond that the charge density and diffusion coefficient are increasing. The dynamic disorder increases up to the disorder drift time, and then the dynamic disorder is decreased which is shown in Figure 5 . That is, the charge density and diffusion coefficient are decreasing when the dynamic disorder is increasing; and the above parameters are increasing when the dynamic disorder is decreasing (see Figures 5, 8 and 9 ). That is, the charge flux and diffusion are controlled by dynamic disorder. Therefore, the dynamic disorder controls the localized hopping mechanism and turns the band-like CT mechanism, which is in agreement with the earlier studies of Troisi's model on diffusion limited by the dynamic disorder. Molecules 
By comparing the Equations S1 and S7, we can write is the initial momentum and ) (t P mom is the momentum of the charge distribution at time t which is the function of survival probability P(t).
The kinetic energy of the charge carrier is,
